Abstract. Thin stainless steel films were prepared on SiO 2 /Si plate heated at 100 o C and 400 o C using AISI316L as target, by a RF magnetron Ar sputtering method. RF sputtered-deposited films and the oxidized surface layers by post heating were characterized by depth selective conversion electron Mössbauer spectroscopy (DCEMS) using a He+5%CH 4 gas proportional counter. The as-deposited films consisted of magnetic phases, the magnetic orientation of which had a tendency to be perpendicular to the surface of the film. In the case of the deposited films at substrate temperature of 100 o C, a small amount of Fe 2 O 3 and ferritic stainless steel formed by post-heating in air. A magnetic subcomponent and a austenite phase were formed in the films deposited at substrate temperature of 400 o C. α-Fe 2 O 3 and magnetite formed easily on the top and middle layers of the films by post-heating in air. The oxide states of the films deposited at different temperatures of substrate were clearly distinguished by post-heating. Thus it was found by DCEMS that the structures of the deposited films were strongly affected by the preparation method and the temperature of the substrate.
INTRODUCTION
Stainless steel is widely used in many fields. However, there are few applications of oxide films prepared deliberately on stainless steel. Thin oxide films on austenitic stainless steel became practical as pH sensors having quick response between pH=1 and 13 [1] . Pre-heated stainless steel is useful for vacuum vessels because of less gas absorption [2] . The oxide surface layers on austenitic stainless steels have been characterized by integral conversion electron Mössbauer spectroscopy (ICEMS) [3] . CEMS is useful for characterization of iron steel surfaces [4] . Following the Mössbauer effect of 57 Fe, 7.3 keV K-electrons (the emission probability: 80%), 13.6 keV L-electrons (8%) and 5.5 keV Auger electrons (63%) are emitted together with secondary electrons of re-emitted 6.4 keV Kα X-rays (23%) and 14.4 keV γ-rays (10%) [5] .
There are few applications of CEMS to characterization of thin stainless steel films. Kuzman et al. reported that the main phase of the electrodeposited Fe-Ni-Cr sample is ferromagnetic [6] , and have studied the formation of metastable phases in Fe-Cr-Ni multilayers [7] . The structural change of the interface between oxide layers and the substrate of Fe-Cr stainless steel [8] could be observed in depth selective CEMS (DCEMS) spectra using a He gas proportional counter [9] . The surface layers of thin stainless steel prepared by DC sputtering and pulsed laser ablation of austenitic stainless steel were analyzed by DCEMS [10] . The detection of low energy secondary electrons emitted during the absorption of X-rays can be used to get information on deep layers. The contribution of Auger and K conversion electrons, as well as X-ray and γ-ray secondary electrons to the CEMS spectra has been simulated as a function of the depth of their emission from iron solid [5] .
In this paper, thin stainless steel films prepared by RF sputtering of austenitic stainless steel 316L were characterized by DCEMS using a He gas proportional counter, and compared with the previous preparation methods.
EXPERIMENTAL
Films with ca. 1 µm in thickness were prepared on SiO 2 /Si wafers by a RF magnetron sputtering method with Ar gas using austenitic stainless steel (AISI316L) plate as a target material. The RF power was 200 W, and the distance between target and substrate was 40 mm. Ar pressure was 0.6 Pa. Some deposited films were heat-treated at 400, 500, and 600 o C for 1 hour in air and Ar+5%H 2 atmosphere. γ-rays from a 57 Co(Cr) source of 9.25GBq were irradiated with a direction perpendicular to a sample plane. CEMS spectra were measured using a gas counter developed in our laboratory, with flowing He+5%CH 4 gas at 15 cm 3 /min and applying high voltage at 950 V. The velocity scale was calibrated by α-Fe. Pulse height spectra were measured using several kBg 57 Co source deposited on glass to set the window levels of each shingle channel analyzer. Three CEMS spectra were simultaneously measured by detecting electrons emitted in three regions of L, M, and H as shown Fig.1 . Three energy regions are corresponding to low (2 to 6.5 keV), middle (6.5 to 11 keV) and high energy (11 to 24 keV), respectively, by following the paper [11] . The low energy window contains mainly Auger electrons, and secondary electrons of 6.4 keV X-rays. The middle energy window contains K-conversion electrons, and the high-energy region consists mainly of L-conversion electrons, (7.3 +5.5) keV, and (7.3 +5.5 +5.5) keV pile-up peaks. The hyperfine field distributions from Mössbauer spectra measured were analyzed using the Mosswinn program [12] . 
RESULTS
The CEMS spectra and the corresponding hyperfine field distributions of a thin and shinny stainless steel film deposited on SiO 2 /Si substrate, heated at 100 o C, by RF sputtering of AISI316L are shown in Fig. 2 . A magnetic sextet with broad lines was observed although the AISI316L plate used as a target gave a single peak of austenite phase. The isomer shift of the broad sextet (average field B av = 24.4(6) T, and field at maximum intensity B max = 27(1) T) was 0.01(2) mm/s. The peak ratios ( 2 nd ,5 th / 3 rd ,4 th lines of the sextet) were different in three DCEMS spectra. They were about 1.5 for low energy CEMS, 1.8 for middle energy CEMS and 1.9 for high energy CEMS. The orientation of the magnetic moments changed a little from perpendicular (relative to the surface plane) for deep layer to about 45 o for surface because of the surface tension. In the films deposited by DC sputtering, the magnetic moments were parallel to the surface since the peak ratio ( 2 nd ,5 th / 3 rd ,4 th ) was 4 [10] . It is found that the magnetic moments have a tendency to become perpendicular to the interface for deposited films by RF magnetron sputtering.
The ICEMS of deposited films annealed at various temperatures are shown in Fig. 3 . The hyperfine fields increased with the temperature of heating. The average magnetic fields increased only by 1 and 2 T at annealing temperatures of 300 o C and 400 o C, respectively. It is assumed that the trapped Ar gas is released with the self-diffusion of components in the first stage of heating at low temperature. In previous paper [10] , the lattice constant decreased with temperature, and magnetic interactions increased. Fe oxide layers were not clearly detected for the films post-heated at 300 o C, but slightly detected for the films heat-treated at 400 o C for 1 hour. It was confirmed from a glow discharged optical emission spectroscopy (GDOES) that Fe concentration on the top oxide layers was about 0.2 of that in the bulk. The thickness of the Fe and Cr oxide layers was about 50 nm, not depending on the heating temperatures, and the uniform oxidation surfaces were obtained in air ambient.
On the top surface, α-Fe 2 O 3 layers (isomer shift:δ = 0.44(4) mm/s, quadrupole splitting:∆ = -0.29(6)mm/s and B hf = 51.7(3) T ) were formed at 500 o C, and the intensity decreased at 600 o C. The Cr concentration increased at the interface between the top oxide and the substrate with the increase of heating temperature although the thickness of whole oxide layers did not increase so much. The surface of stacked film kept the shiny look, and so the films had strong corrosion resistance. The martensite phase transformed to ferritic stainless steel. The direction of magnetic moments in the ferritic stainless steel film was larger than 45 o to the surface because the area ratio of the sextet lines (2 The film deposited at substrate temperature of 400 o C was post-heated at 400 o C for 1 hour. The GDOES spectrum is shown Fig.5 . After post-heating in air at 400 o C for 1 hour, the thickness of oxide layers was about 500 nm, which was about 10 times thicker than that of the films deposited at 100 o C. The main components on the top oxide layers were iron oxides, and Cr, Ni, Mo and Mn oxides were located at the interface between bulk and iron oxide layers. The hyperfine field distributions of B av = 24(1) T and B max = 33.6(5) T were obtained assuming random orientation of magnetic moments (Peak ratio (2 nd ,5 th / 3 rd ,4 th ) = ca.2). The singlet of austenite was also observed. These films were easily oxidized by heating in air as shown in Fig. 6 .
It was found from DCEMS ( heated at 500 o C, and the relative intensity ratio among magnetic peaks showed random orientation of the magnetic moments. It suggests that the α-Fe 2 O 3 particles formed were dispersed on the top layers although the magnetite layer kept the layer structure. Thus it is found that the properties of the deposited films were strongly affected by the heating temperature of substrate during deposition, and that post-heating enhanced the different structures of oxide layers formed. 
CONCLUSIONS
Thin stainless steel films deposited by RF magnetron sputtering of AISI316L steel were characterized by DCEMS using a He+5%CH 4 counter. The films deposited by RF sputtering at 100 o C consisted of the same ferromagnetic martensite phases as the films deposited by DC sputtering, but the magnetic orientations of the films by RF sputtering were different from those of the films by DC sputtering. The heating in air induced formation of hematite phases on the surface and ferritic stainless steel with about 33T inside the films. An austenite phase was not formed by heating in air, but in Ar+H 2 atmosphere at 600 o C. On the other hand, the films deposited at the substrate temperature of 400 o C consisted of austenite and ferritic steel phases. These films were easily oxidized into magnetite layer by heating in air and perfectly into hematite layers at 500 o C. Thus it is found that the properties of deposited films depend on different substrate temperatures and that the structures of oxide layers are strongly affected by post-annealing. Simultaneous measurements of three different energy CEMS spectra by selecting the different energy ranges of emitted electrons can provide the practical analysis of thin layer structures within 100 nm.
